The dust-removal processes of a spray, wet resonance grille, and water film are considered in an investigation of factors that affect the efficiency of wet resonance-grille dust-removal technology. The dust removal efficiency of the liquid droplet group is deduced adopting limit trajectory theory. A formula for calculating the efficiency of dust removal by a single resonance grille and water film is obtained employing resonance grille filtering and liquid saturation theory. On the basis of Strauss tandem theory, a mathematical model of the total dust removal efficiency is proposed and numerically calculated. Numerical results show that the grille distance-diameter ratio ranges from 2.0 to 2.5 when the liquid-gas ratio is 0.0263l/m 3 under the condition of low filtration velocity. As the distance-diameter ratio decreases, the filling ratio increases, the grille diameter decreases, and the overall dust removal efficiency increases. The method of calculating the efficiency proposed in this paper can guide engineering practice.
Introduction
Blasting is the most commonly used method of mining metal ore. In single blasting, the large explosive dosage produces a high concentration of smoke and leads to flying dust pollution. During the shoveling process, the induced and impacted air flow is strong and dust is again produced. Under the action of wind turbulence, smoke and unsettled dust are discharged into the atmosphere with the return air flow as a form of environmental pollution. It is therefore necessary to purify the exhaust air exiting the ventilating shaft.
From the viewpoint of mine air flow purification, the Peabody Coal Mine first adopted wet-layer dust removal technology in the 1970s [1] . In the same period, the wet dust collector and wet-layer dust remover were developed by the Maanshan Institute of Mining Research in China; the main functional section is made of wire or nylon mesh [2] . Northeast University developed a new type of wet fiber grille dust removal technology in 1998; for a velocity of dusty airflow of 4 m/s, tests revealed (1) an overall purification efficiency of dust of 99.5%, (2) an arithmetically averaged purification efficiency of 96% for respiratory dust, and (3) working resistance of 450 Pa [3] . However, the high working resistance is not conducive to the safe and efficient operation of the main fan. Zhang Yinghua applied a wet fiber grille for dust removal at the site of the return airway in 2008; the dust removal efficiency exceeded 95% when the spray pressure was 4 MPa, the diameter of a fiber was 0.250 mm, the spacing between fibers was 0.375 mm, there was a six-layer resonance grating, and the distance between layers was 6.000 mm [4] . However, the power consumption of the pump is huge for high spray pressure.
The Fankou Lead-Zinc Mine in Shaoguan, Guangdong Province, is an underground mine. It adopts blasting to drop ore and mechanical shoveling and uses 4 t of explosive per day. The exhaust flow of the ventilating shaft contains much smoke and dust, which causes serious air pollution. To purify the exhaust air flow of the ventilating shaft, the author puts forward a wet resonance-grille dust-removal system for the ventilating shaft. Furthermore, through theoretical analysis, numerical calculation, and experimental research, the author obtains optimized structural parameters of the resonance grille and working parameters of the dust removal system. Field application shows that the system performs well in purifying air and greatly reduces the emission of atmospheric pollutants.
Dust Removal Mechanism of the Wet Resonance-grille Device
The removal of dust by a wet resonance-grille device mainly involves three parts, namely a spray section, resonancegrille dust-removal section, and dehydration section, as shown in Fig. 1 . Among them, the resonance grille is the basis of the device. The resonance grille comprises chord grating wires, a gap between wires, and a maintenance structure, as shown in Fig. 2 . The maintenance structure is a rigid frame of a certain size. In this maintenance structure, stainless-steel wire having a tiny diameter is spun to form chord grating wires, which are separated by a certain gap. The spray droplets and airflow affect the chord wire and force its elastic disturbance to realize the vibration of the chord wire. The wet resonance grille comprises resonance chord grating wire and water films attached to the wire and each other. Wet resonance-grating dust removal combines a water droplet, resonance grille, and water film. The droplet group in the spray section not only results in the inertial collision, interception, and diffusion of dust but also forms a film of water between chord grating wires. The resonance grille intercepts and collides with dust while the water film also intercepts dust, thus improving the dust removal effect. The process of dusty airflow passing through the water film is similar to forced scrubbing of this airflow. When the water film is damaged, the film breaks into droplets; these droplets then come together and coagulate into water flow, which washes down the dust particles. Water mist is removed by a water-retaining plate. Clean exhaust air finally flows into the atmosphere.
When the ratio of wire spacing T to wire diameter df is between 2.0 and 2.5, the flow around the static resonant grille forms a cylindrical wake flow of the chord grating wire, and the wake flow then forms a Karman vortex street [5] . The vortex street frequency is the number of times a vortex sheds off a cylinder in 1 second. The chord grating wire resonates when the vortex street frequency is the same as the natural frequency of the chord grating wire. When resonance occurs, the spacing between wires will be larger, equal to, or smaller than the original gap. When the gap is reduced to a certain extent, the droplets attached to the wire form a water film in the gap under the action of the dual chord grating wire. With the continuation of vibration, the stretching of the wire works to overcome the surface tension of the droplets, and the area of the water film continues to increase. When the area of the water film increases to a certain extent, airflow affects the water film and the water film then breaks down, and a fine water body condenses on the chord grid wire. In this way, a life cycle of the formation, expansion, and rupture of the water film is completed. The life cycle of the water film is affected by many factors, such as the velocity of the dusty airflow, the mechanical properties of the chord grating wire, the structural parameters of the resonance grating, the properties of the solids, liquid, and gas, and the degree of saturation [6] .
In terms of the effect of dust removal, the total dust removal efficiency of wet resonant grids is mainly affected by the pre-collection efficiency of dust particles by droplets, the dust removal efficiency of the chord grating, and the dust removal efficiency of the water film in the gap.
Calculation Model of the Dust Removal Efficiency
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Collection efficiency of the water droplet
The droplets is spurted from the spray section pre-collect the dust in the airflow, and the efficiency of this collecting is thus important. Limit trajectory theory can be applied in calculating the efficiency. When the pre-collection effect of a droplet is considered separately, the dust collecting efficiency is calculated as [7, 8] PR c c c r 1 0
where η1 is the pre-collection efficiency of droplets for dust; ηPR is the total dust collection efficiency of a single droplet, dimensionless; Qc and Q0 are respectively the droplet and dusty air flow rates, m 3 /s; ρc is the droplet density, 1000 kg/m 3 ; ur is the relative velocity of the undisturbed dusty air and droplets in the upstream, with the velocity of dusty air being 2-6 m/s; Dc is the qualitative size of droplets, μm; and μ is the aerodynamic viscosity, 1.8 × 10 −5 Pa·s.
In formula (1), the ratio of the droplet airflow to dusty airflow is the liquid-gas ratio. The liquid-gas ratio directly affects the pre-collection efficiency of the droplet in formula (1) and the total efficiency of the dust removal system. Gong Lihong carried out an experimental study on wet vibration fiber grille dust removal and found that the dust removal efficiency of the whole system increased from 76.9% to 90.2% when the liquid-gas ratio increased from 0.0175 to 0.0292 l/m 3 but no longer increased appreciably as the liquid-gas ratio increased further [9] . Additionally, Liu Jun and others found that wind speed had little effect on the dust removal efficiency [10] . Yao Xiaoqing put forward the wet dense fiber grille, which has good efficiency but large resistance [11] . Zhao Jie measured the flow resistance downstream and upstream of the metal fiber grille and found that the deviation between the theoretical calculation and measurement was 20% at high wind speed [12, 13] .
Supposing the average droplet diameter of water mist is 70 m (according to technical parameters of the Kirinoikeuchi small-flow nozzle), a liquid-gas ratio of 0.0263 l/m 3 , an exhaust wind speed range of 4 m/s, and a total dust collection efficiency of a single droplet of 38% [9] , the efficiency of the pre-collection of dust by water mist in formula (1) remains at about 15%. Figure 3 shows the purification efficiencies of the main interception, inertial collision, and diffusion effect in the absence of spraying [14] . The figure shows that the dominant effect is inertia and interception when the particle size is larger than 1 μm. where ρ is the density of airflow, kg/m 3 ; df is the diameter of the chord grating wire, mm; and u0 is the upstream undisturbed air velocity, taking values in the range of 2-6 m/s. Formula (2) is used to calculate Re. According to inviscid potential flow theory, when Re is between 60 and 120, the flow can be approximately treated as potential flow. In the application of the potential-flow method, the collection efficiency of the inertial collision of the dust with the chord grating wire is [15] 
Dust collection efficiency of the resonance grille
where ηst is the efficiency of the inertial collision of the chord grating wire with dust, dimensionless, and St is the inertial collision parameter, dimensionless. In formula (3), the inertial collision parameters are calculated as
where C = 1 + 0.165/dp is a correction factor, dimensionless; Dp is the particle size of dust, μm; and ρp is the dust density, taking a value of 2000 kg/m 3 (according to the density of coal dust).
In the case of formula (4), the chord grating wire as a trap for dust interception is under the action of a spray while the chord grating wire is wrapped by water to form a wet chord grating wire. When there is dusty airflow around the wet chord grating wire, once the distance between the streamline and the surface of the wire is within the range of dp/2, the dust is considered to be in contact with and thus collected by the wet wire.
The main factor affecting the interception is the size of dust particles. R = dp/df is used as the interception parameter. The interception efficiency is [15] 
where ηDI is the dust interception efficiency of the chord grating wire, dimensionless, and R is the interception parameter, dimensionless.
In fact, the interception effect and inertial collision collecting effect exist simultaneously. According to Strauss series theory, the comprehensive efficiency can be calculated as a series of dust removal [7] :
where ηf is the comprehensive efficiency of the chord grating wire collecting dust.
In the absence of spray, the catching of dust by the dense dry chord grating wire is similar to filtration by a fiber layer. The theoretical formula for calculating the dust removal efficiency of dense dry chord grating wire is [14, 16] f f1
where ηf1 is the dust collection efficiency of the dense dry chord grating wire, dimensionless, and β is the filling coefficient of the dense chord grating wire, dimensionless.
Dust Collection Efficiency of the Water Film in the Gap Between Chord Grating Wires
The collection of dust by the water film in the gap between chord grating wires is the basis of dust removal by a wet resonance grille. A water film forms in the gap between wires when the chord grating wire resonates. The following assumptions are made for the water film. The thickness of the water film is the same as the diameter of the chord wire. The droplet and air in the main phase that forms the water film are evenly dispersed in the flow basin that forms in the interstitial gap between wires. In the flow zone, the maximum percentage of the fluid volume occupied by water film is the ideal saturation. Under a strong capillary force, the fraction of the volume occupied by the water film, which cannot be driven and displaced by the dusty airflow, is the bound saturation. The volume fraction that can be displaced is the effective saturation. The relationship among the three saturations is [16] w w0 e w0
where Se is the effective saturation, dimensionless; Sw is the ideal saturation determined by experiment, dimensionless; and
Sw0 is the bound saturation determined by experiment, dimensionless. At bound saturation Sw0, the filling coefficient βw of the wet resonance grille is w w0
When the chord grating wire resonates, the active surface area of the water film between wires is
where Aw is the active surface area of the water film, m 2 ; A is the resonance grille area, m 2 ; and ff is the frequency of the water film formation, which is twice the vibration frequency of the chord grating wire [16] . The vibration frequency of the chord grating wire is equal to the dimensionless frequency of the vortex shedding. The Strohal number Sr = 0.198(1 − 19.7/Re) [17] .
In the process of the collection of dust by the water film between wires, dust is considered to be collected by the water film between wires if there is contact between the dust and water film. The dust collection efficiency of the water film is
where ηw is the dust collection efficiency of the water film between wires, dimensionless.
Comprehensive Dust Collection by the Wet Resonance Grille
Dust removal by the wet resonance grille comprises the collection of dust by the water film and dry resonance grille. The comprehensive collection of dust by the wet resonance grille is then
where η2 is the comprehensive dust collection efficiency of the wet resonance grille, dimensionless.
Numerical Calculation of the Dust Removal Efficiency
In the case of spray, the dust removal process of a wet resonance grille, which comprises a double layer of chord grating wire, can be regarded as the series actions of dust collection by a droplet, dust collection by a dry chord grating wire, and dust collection by the water film between two wires. The (dimensionless) total dust removal efficiency of the dust removal section of a wet resonance grille is 2 12 
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The filling coefficient of the resonant grille is 0.314-0.341 when the distance-diameter ratio is 2.0-2.5. The bound saturation is supposed as 0.25 when the liquid-gas ratio is 0.0263 L/m 3 [9] . Initial data and boundary variables, such as the filtration velocity, chord grating wire diameter, and dust particle size, are input into formulas (1), (12) , and (13) . The effects of boundary variables on the performance of the wet resonance-grille dust-removal system comprising two layers of chord grating wire are obtained, as shown in Fig. 4 . Figure 4 (a) shows the total dust removal efficiency of the wet resonance grating system varying with the filtration velocity when the distance-diameter ratio is constant. It is seen that the total dust removal efficiency increases with the filtration velocity. More specifically, with an increase in velocity, the rate of collection of dust below 10 μm changes more obviously. The collection efficiency of dust above 10 μm is basically the same under each filtration velocity and converges to about 96%. Figure 4 (b) shows the classification efficiency for different distance-diameter ratios. It is seen that the total dust removal efficiency decreases with an increase in the distance-diameter ratio. This indicates that the probability of collision between dust and the resonance grille is reduced. Obviously, the filling coefficient, directly affecting the collision probability, is inversely correlated with the distance-diameter ratio. Therefore, when the distance-diameter ratio increases, the filling coefficient decreases, the collision probability decreases, and the total dust removal efficiency therefore decreases. Figure 4 (c) shows the total efficiency of the wet resonance-grille dust-removal system for different diameters of wire. It is seen that the collection rate of respiratory dust within 10 μm increases rapidly with the dust particle size when the filling coefficient and distance-diameter ratio remain the same. Moreover, the total dust removal efficiency decreases with an increase in the wire diameter. Figure 4 (d) compares the classification efficiency for four dust particle sizes; i.e., 2.5, 5.0, 7.5, and 10.0 μm. The figure shows the following. (1) The particle size does not affect the trend of the change in the total dust removal efficiency.
(2) The efficiency is low at a low filtration velocity. The total dust removal efficiency increases rapidly with an increase in MMME 111-7 the filtration velocity. Moreover, the efficiency increases with the particle size. (3) The change in the total dust removal efficiency is relatively gentle in the higher filtration velocity range. (4) The larger the particle size of the dust, the more stably the total dust removal efficiency changes with an increase in the filtration velocity.
In summary, when the liquid-gas ratio is 0.0263 L/m 3 , the range of the distance-diameter ratio is determined to be 2.0-2.5. It is necessary to reduce the diameter of chord grating wire and the distance-diameter ratio to improve the filling coefficient of the resonance grille. The above structural and operational parameters obtained are important references for the design of the wet resonance-grille dust-removal system.
Engineering Application and Effect

Design and Fabrication of the Wet Resonance-grille Dust-removal System for a Ventilating Shaft
The GAF28-133-1 main fan installed in the Xinnan air shaft at the Fankou Lead-Zinc Mine has air flow of 220-260 m 3 /s, full pressure of 1878-2527 Pa, rated speed of 985 r/min, and rated power of 1250 kW.
A wet resonance-grille dust-removal system of the mine duct was designed and installed in the horizontal duct of the outlet section of the main fan. The net section of the duct has dimensions of 8 m × 8 m. There are 100 SS-10W stainlesssteel wide-angle nozzles. Two layers of chord grating wire constitute a single resonance grille plate, which is made of stainless steel and comprises 100 pieces. There are 64 pieces of a W-type stainless-steel water retainer. Additionally, there is an 80GDL-50-20×3 multistage water pump with a flow rate of 50 m 3 /h and a water head of 60 m. The water system has a Y-type filter with a diameter of 0.282 mm. A 240-m 3 circulating sedimentation pool was constructed to save water. Dust is removed by the wet resonance grille in the duct, as shown in Fig. 5 . 
Measurement of the Dust Removal Efficiency and Benefits
The overall performance of the dust removal system was tested after installation. The location of the first experimental sectional area is 3 m before the dust-removal-device section, while the second experimental sectional area is after the dustremoval device section and located in the outlet of the main fan diffuser. Six sampling points were selected for each experimental area according to the method of equal areas. Under normal ventilation, dust was collected by a CCZ-20 dust sampler and then weighed by a Discover DV215CD. Dust concentrations were finally obtained by measuring the dust weights in the first and second areas, and the total dust removal efficiency was calculated as [18] 
where 1 c and 2 c are respectively the dust concentrations before and after dust removal, mg/m 3 . Fig. 8 : Sewage water before and after the device. Fig. 9 : Recirculation pool after 1 week.
Twelve groups of data were obtained by sampling six times before and after the dust removal device for a sampling time of 10 min and sampling flow of 20 L/min. The data are shown in Table 1 . Field operation of the system showed that (1) the resistance of the dust removal device is 210 Pa, which is significantly lower than that of other conventional dust removers, (2) the total dust removal efficiency is 90.6% and the exhaust air meets atmospheric emission standards, and (3) the blasting smoke is effectively washed and absorbed. Water leaking from the duct repair door is black before the dust removal device and clear after the dust removal device, as shown in Fig. 8 . Additionally, after the water droplets wash the dusty flow, the water in the circulating pool gradually becomes blacker and blacker, and there is sediment in the pool, as shown in Fig. 9 . Water in the circulating pool should be replaced once a week to save water.
Conclusion
(1) The wet resonance-grating dust-removal system has the characteristics of high efficiency, low resistance, and little effect on the ventilation system and it is thus suitable for the purification of exhaust airflow in a shaft.
(2) Theoretical analysis and numerical calculation show that when the liquid-gas ratio is 0.0263 L/m 3 and the distance-diameter ratio is 2.0-2.5, as the distance-diameter ratio decreases, the filling coefficient increases, the diameter of steel wire decreases, and the fractional dust removal efficiency of the wet resonance grille increases.
(3) In field application at the Fankou Lead-Zinc Mine, the average dust removal efficiency of the wet resonance-grille dust-removal system in a duct reaches 90.6% and the average concentration of dust in the exhaust is 4.1 mg/m 3 , which marks a large reduction in air pollution from the mine exhaust to the benefit of the environment.
